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1. Introduction 
Dredge activities is very widespread antropogenic seabed disturbance. It is used to 
replenish sand on beaches, to create and maintain harbor, berth, waterways, may also be 
used for underwater mining activities and as a technique for fishing certain species of 
crabs or edible clams. Dredging has many deleterious environmental effects (Johnston 
1981). Changes in bottom topography due to dredging can influence water dynamic and 
in consequence sediment transport (Maa et al., 2004; Work at al. 2004). Dredge pits and 
deep furrows can create a sink for fine-grained sediments, organic matter and 
contaminants (Desprez 2000) and result in hypoxic and anoxic conditions, as well as 
sulfate reduction in sediment (Bolałek et al., 1996, Flocks&Franze 2002, Graca at al. 2004) 
(Fig. 1). Geochemical changes resulted in deep dredging can affect benthic organisms. 
Limited recolonization of dredge pits was observed (Palmer et al. 2008, Szymelfenig et al. 
2006). Such condition can influence nutrients dynamic and potentially stimulate 
eutrophication (Graca et al., 2004).  
Impact of dredging depends on its intensity and the type of used method, as well as the 
environmental condition in dredge area (Boyd et al. 2005, Robinson et al. 2005). Puck Bay is 
a small water body located on the Polish Baltic coast. Deep dredging works carried in this 
reservoir, creates great opportunity to study the impact of deep dredging in areas with 
different water dynamics. From the north the bay is restricted from the open Baltic by the 
Hel Peninsula. It is 34 km long, and its width varies from 0.2 km to 2.9 km. A change of 
peninsula land cover during the last few decades, especially the construction of the new 
harbor, enhanced erosion processes. At present, the Hel Peninsula requires intensive 
reinforcement (Urbański & Solanowska, 2009). Eighty-two percent (c.a. 6,98 mln m3) of 
sands for peninsula’s bank protection was gained from the bottom of the Puck Bay. First 
large beach nourishment was carried out by the end of 80’s in last century. As an effect, in 
the years 1989-95, five the dredge pits were created in the bottom of the Puck Bay along the 
Hel Peninsula (Fig.2). The depth of the pits reaches 7-14 m, while natural depth in the 
surrounding area does not exceed 2 m. 
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Fig. 1. Bottom at the deep part of the dredge pit in the Puck Bay. Photos made in 
Władysławowo dredge pit (a) in full growing season and (b) at the end of growing season. 
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Fig. 2. Location of dredge pits in the Puck Bay. 
Dredging for marine minerals has occurred in Poland waters for many years, in response to 
the need for sand and gravel used as construction aggregate and for beach replenishment. 
The first attempt to take account of environmental aspects of sands excavation from the 
bottom of the Puck Bay has been taken in 1992. Ciszewski and Kruk-Dowgiałło (1992) in 
their evaluation including some biological (phyto- and zoobentos), microbiological 
(bacterioplancton) and chemical (oxygen conditions) aspects suggested that, dredging 
should not be deeper then 3 m. It is necessary in order to reproduce disturbed biocenosis. 
But this suggestion was not obligatory. Currently, based on legal requirements the 
Environmental Impact Assessment is required (including the development of 
Environmental Impact Report) in the case of projects with potentially significant impacts on 
natural environment. 
The Puck Bay is a protected area, in the frame of the European Ecological Natura 2000 
Network (birds directive and habitat directive). Its northern part, containing the dredge pits, 
is included in the Seaside Landscape Park – a national protected area. According to EU 
Water Framework Directive, Poland should provide an improvement of quality of sea 
waters, especially in the protected areas.  
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Despite the research conducted so far in two of the dredge pits (Bolałek et al. 1996, Graca et 
al. 2004, Graca & Dudkowiak 2006, Szymelfenig et al. 2006), it is not known, which pits in 
the Puck Bay have undergone the largest changes in respect to natural conditions, what is 
the season influence on environmental conditions in the pits, and what is the scale of the 
problem created by the geochemical changes in bottom sediments of pits? An aim of this 
work is answering these questions. This is necessary to decide about the eventual 
recultivation of the dredge pits, and to choose a way to conduct it. Results of this study can 
be additionally used during the planning stage of environment-friendly dredging work. 
2. Materials and methods 
Samples of sediments, nearbottom and interstitial waters were collected by means of scuba 
diving in November-December 2007, in March, May-June and in August 2008.  
Nearbottom waters were collected to glass and polyethylene bottles. Interstitial waters from 
the surface sediment layer (c. 4-5 cm) were obtained in situ by means of syringe tipped with 
pumice stone. This method detailed description has been given in Graca et al. (2004). 
Sediments (3 cores at each station) were sampled with Plexiglas pipes, 30 cm long and 3.6 
cm in diameter (Fig. 3) 
In each of the five studied the dredge pits (Fig. 2) samples were collected in three 
locations: in shallow parts of the slopes (stations S1), in deep parts of the slopes (stations 
S2) and at the bottom of the pit (stations D) (Fig. 4). Additionally samples were collected 
at two stations located on the outskirts (stations labeled O). One of those stations was 
situated between the dredge pit and the peninsula (labeled OP), and the other between 
the pit and the bay (OZ) (Fig. 4). 
Ammonia, phosphates and hydrogen sulfide were analyzed in nearbottom and interstitial 
waters (Grasshoff et al. 1983). Oxygen in the nearbottom water has been determined by 
titration (Strickland & Parsons, 1972). 
 
 
Fig. 3. Sediment cores collected in dredge pits (scheme of core division). 
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Sediment cores of maximum length of 20 cm were divided into six layers: 0-1cm, 1-2 cm, 2-5 
cm, 5-10 cm, 10-15 cm and 15-20 cm (Fig. 3). In those layers moisture content (W) and loss on 
ignition (LOI) has been determined by drying the sample to constant mass. Samples were 
dried in first case at 105ºC, in the latter in 550ºC.  
Organic carbon (Corg) and total nitrogen (Ntot) contents were measured using the Perkin 
Elmer 2400 CHNS/O analyzer. Sediment samples were dried at 60ο C until reaching a 
constant mass. Samples for organic carbon determination were treated with 1M HCl in 
order to remove carbonates (Hedges& Stern, 1984, Burska, 2010).  
Total phosphorus (Ptot) has been determined by spectrophotometry using acid-molybdate 
method after previous ignition (24 h in 483°C) and leaching with 1 M hydrochloric acid. 
Inorganic phosphorus (Pinorg) has been analyzed in similar way, but without ignition. 
Organic phosphorus (Porg) concentration has been calculated as a difference between Ptot and 
Pinorg (Froelich et al., 1988).  
Chlorophyll a (chl a) and pheophytin (pheo) contents in sediment were determined by 
applying the method developed by Plante-Cuny (1974). Lyophilized sediment samples were 
homogenized and later extracted with 90% acetone for 8 hrs. Spectrophotometric 
measurements of extinction in extract samples were performed before and after acidification 
with 1M HCl. Redox potential (Eh) and pH were measured by means of electrodes. 
 
 
Fig. 4. Sampling stations arrangement in the dredge pits and at their outskirts. 
3. Results 
3.1 Nutrients, oxygen and hydrogen sulphide in nearbottom and interstitial waters 
Nearbottom waters in the study area were characterized with good oxygen conditions. The 
lowest oxygen concentrations (4,1 cm3 dm-3) were observed at the outskirts of the 
Władysławowo pit in December. Decreased oxygen concentrations were also noticed in spring 
in the deepest parts of the Władysławowo (4,8 cm3 dm-3) and Chałupy (5,8 cm3 dm-3) pits. 
Concentrations of phosphates (0,0-3,9 µmol dm-3) and ammonia (0-4,1 µmol dm-3) in the 
nearbottom waters at the outskirts and inside the pits did not differ significantly and were 
similar to those observed in the Puck Bay (Bolałek et al. 1993). 
Concentration of hydrogen sulfide in nearbottom water varied from 0 to 2,3 µmol dm-3. 
Only 8% of the data exceeded 0,2 µmol dm-3. Those values were observed in the deepwater 
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parts of the Władysławowo pit (November-December and August), Chałupy pit 
(November-December and May), Kuźnica I (November-December, May-June) and Kuźnica 
II pit (November-December), and also on the shallow slope of the Jastarnia pit (November-
December). 
In the interstitial waters hydrogen sulfide concentration varied in range 0-88,7 µmol dm-3 
(Fig. 5a). The highest values occurred in the deepwater part of the dredge pits. 79% of the 
data did not exceed 10 µmol dm-3. Concentrations higher than 10 µmol dm-3 were observed 
in August, and additionally in the Władysławowo pit also in May-June (stations O, S2 and 
D), and in March (station D).  
Phosphate concentrations in the interstitial waters ranged from 0,2 to 58,3 µmol dm-3 (Fig. 
5b). In most cases (83% of data) they did not exceed 10 µmol dm-3. Values greater than 10 
µmol dm-3 were observed in August in the deepwater part of all the dredge pits (stations D 
and S2) and additionally at the shallow slope (stations S1) of the Władysławowo, Kuźnica I 
and Jastarnia pits. In the interstitial waters from the bottom (station D) of the 
Władysławowo pit, phosphate concentrations exceeding 10 µmol dm-3 occurred also in 
March and in May-June. 
 
 
Fig. 5. Concentrations of (a) hydrogen sulfide, (b) phosphates and (c) ammonia in the 
interstitial waters observed in particular sampling seasons at the outskirts of the dredge pits 
(O), at their shallow (S1) and deeper (S2) slopes, and at the bottom (D). 
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Ammonia concentrations in the interstitial waters varied from 3,5 to 389,1 µmol dm-3 (Fig. 
5b). Majority of the results (89% of data) did not exceed 100 µmol dm-3. Concentrations 
higher than 100 µmol dm-3 were observed in August in the deepwater parts of all the dredge 
pits (stations S2 and D), and in the Władysławowo pit additionally at the shallow slope 
(station S1). At the center (station D) of the Władysławowo pit ammonia concentrations 
exceeding 100 µmol dm-3 were also noticed in March and May-June 
3.2 Sediments 
3.2.1 Grain size distribution, W, LOI, Eh and phosphorus 
An increase of the fine sediment fractions has been observed (<125 µm) in the dredge pits 
sediments in comparison to their outskirts (Fig. 6). This increase was most pronounced in 
the deepest parts of the dredge pits (stations D). Except the Jastarnia and Chałupy pits, it 
was also visible on the slopes. It has to be noted that content of fractions 125  µm and 63  µm 
in the sediments of the Władysławowo pit’s outskirts were clearly higher than this found at 
the other outskirts. 
Three quarters of the moisture content results in the sediments of the outskirts did not exceed 
20% (Tab. 1). Moisture content has increased in the dredge pit areas. Sediments in their 
deepest parts (station D) were most hydrated (Fig. 7). Only quarter of the moisture content 
results in these areas were below 26%. LOI variability has been similar (Tab. 1, Fig. 8). 
Outskirts (stations O) and slopes (stations S1 and S2) of the dredge pits did not differ 
significantly in regard to phosphorus content in the sediments (Tab. 1). Clearly higher 
concentrations were observed at the bottom (stations D) of the pits. 
Redox potential of the sediments varied from (-495) to 489 mV (Tab. 1). In the deepwater 
part of the pits (stations S2 and D), in approximately half of the cases, sediments were 
reductive (Eh<100 mV) from the first analyzed layer. Reductive conditions intensified with 
depth below the sediment surface (Fig. 9). Below the topmost centimeter of sediment, 82% of 
the results were lower than 100 mV.  
At the outskirts (stations O) and at the shallow slope of the dredge pits (stations S1) 
reductive conditions occurred in 15% of the cases. In half of the cases they appeared in the 
sediment layer below the 0-2 cm.  
Outskirts (stations O), slopes (stations S1 and S2) and the centers of the dredge pits (stations D) 
were similar in regard to pH in the sediments (ANOVA Kruskall-Wallis test, p=0,61, Tab. 1) 
3.2.2 Organic carbon, total nitrogen and photosynthetic pigments 
Organic carbon contents in the analyzed sediment ranged from 0,021 to 168,50 mg g-1d.w., 
while the median (Md) value was 1,52 mg g-1d.w. (Tab. 2). Most of Corg concentration values 
(75%) were lower than 3,42 mg g-1d.w. Total nitrogen concentration values were ca. 10 times 
lower and ranged from 0,01 to 22,11 mg g-1d.w. (Tab. 2).  
Similarly to Corg concentration values, high values of Ntot, i.e. >0,45 mg g-1 d.w. constituted 
only 25% of all measurements.  
Chlorophyll a concentrations varied from the value equal to the limit of detection (LD) to 
124,12 μg g-1 d.w., while the median value was 0,35 μg g-1 d.w. Most of chl a concentrations 
(75%) were lower than 1,42 μg g-1 d.w. Phaeopigment concentrations were on average six 
times higher than the concentrations of chlorophyll a (Tab. 2). 
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Fig. 6. Contribution of different sediment fractions (in the topmost layer - 0-5 cm) in the 
dredge pits and at their outskirts (OP – outskirt of the pit, peninsula side, OZ – outskirt of 
the pit, bay side, S1 – shallow slope, S2 - deep slope, D – bottom of the pit). 
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Fig. 7. Seasonal variation in sediment moisture content (W) on the basis of  
(a) Władysławowo pit and its outskirts, and (b) Jastarnia pit and its outskirts  
(O- pit’s outskirt, S1-pit’s shallow slopes, S2- pit’s deep slopes, D- bottom of the pit).  
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Fig. 8. Relationship between moisture content (W) and lost of ignition (LOI) in sediment. 
 
 
Fig. 9. Redox potential in particular sediment layers in the deepwater part of the dredge pits 
(stations S2 and D) and at the outskirts of the pits and shallow part of their slopes (stations 
O and S1) (dashed line marks the Eh value of 100mV, which is a threshold of reductive 
conditions (Boyd, 1995). 
Generally sediments at outskirts of the pits were characterized by low carbon and total 
nitrogen content as well as low chl a and pheophytin concentration. Obtained values did not 
differ from those reported in literature for similar sediment types (Burska et al., 1999).  
Among outskirts of all investigated pits, the outskirts of the Władysławowo and Kuźnica II 
dredge pits were characterized by the higher contents of organic carbon, total nitrogen and 
photosynthetic pigments (ANOVA Kruskal-Wallis test, p<0.05). In the case of sediment 
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from the Kuźnica II pit, this finding is connected to the location of its outskirt within the 
natural pit Kuźnica Hollow (Fig. 2). The increased values of chemical parameters measured 
in sediment in this location are connected to the natural sedimentation processes and the 
accumulation of organic matter.  
Values of Corg/Ntot, chl a/(chl a+pheo), and Corg/(chl a+pheo) ratios indicate the differences 
in quality of organic matter in sediments in the study area (Tab. 2). Strongly decomposed 
organic matter occurred in the deepest part of the dredging pits (stations D). It was 
manifestated mainly by chl a/(chl a+pheo) ratio.  
Organic matter in sediments from the outskirts of the Władysławowo dredge pit displayed 
statistically significant higher molar Corg/Ntot ratio (ANOVA Kruskal-Wallis test, p<0,05) 
and higher value of Corg/(chl a+pheo) ratio (ANOVA Kruskal-Wallis test, p<0,05) in 
comparison to the outskirts of other pits. In the case of sediments sampled from the deepest 
part of dredge pits difference in organic matter quality was demonstrated by Corg/(chl 
a+pheo) ratio only. The highest value of this ratio was noted in Władysławowo pit. 
Organic carbon and total nitrogen concentration was decreasing with the increasing 
sediment depth (Fig. 11). Chl a and pheophytin concentrations reached the highest values in 
samples of surficial sediments (0-2 cm). In deeper sediment layers the content of chl a and 
pheo decreased in a stepwise fashion to reach a stable level in the 5-10 cm layer. 
4. Discussion  
4.1 An extent of deep dredging impact 
It has been assumed, that conditions at the outskirts of each the dredge pit represent natural 
environment, and the differences between pit and its outskirts are an effect of deep dredging. 
In order to assess the extent of geochemical changes in each pit, the Mann-Whitney U test 
(p<0,05) has been used to compare selected geochemical parameters (W, LOI Eh, pH and 
phosphorus content in sediment) between the dredge pits and their outskirts. Then, 
statistically significant cases were summed up for each the dredge pit. Similar procedure was 
used to appraise the season influence on the extent of conditions changes in the pits due to 
deep dredging (cases with significant changes were summed up for each season). 
Significant differences between the outskirts and subsequently: shallow slope, deep slope 
and deepest part of the dredge pit were observed in 23, 31 and 61 % of the cases, 
respectively. This indicates that the most vulnerable for geochemical condition changes 
resulting from deep dredging was the deepwater part of the dredge pits. This confirms 
previous findings (Bolałek et al. 1996). 
Most prevalent changes between the pits and their outskirts were observed in the 
Władysławowo area (Fig. 12a). Number of changes in the case of Chałupy and Kuźnica I areas 
was similar, and greater than in the Kuźnica II and Jastarnia regions (Fig. 12a). Among 
analyzed parameters, the most frequently impacted by deep dredging was moisture content 
and loss on ignition (Fig. 12a). These parameters reflects the water dynamic and consequently 
conditions of sediment deposition (Håkanson et al. 2003, Jönsson et al. 2005). High moisture 
content and loss on ignition, observed in deep part of the dredge pits (Tab. 1, Fig. 7), are 
characteristic for areas of low water dynamics, where deposition of fine particles takes place, 
while low values are characteristic for areas where high water dynamics prevents or inhibits 
settling of those particles. Obtained results indicate, that deep dredging has weakened  
water dynamics in the area of the dredge pits which enabled the deposition of fine sediments 
in their deepwater parts (Fig. 6) and favored organic matter accumulation (Tab. 2).  
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W 215 11 42 20 19 18 20 
LOI 215 0,03 6,,03 0,42 0,27 0,19 0,42 
Ptot 216 1,5 13,3 7,9 7,9 6,9 9,1 
Pinorg 214 0,1 8,3 5,7 5,7 5,1 6,4 
Porg 215 0,2 6,3 2,3 2,2 1,7 2,8 
Eh 211 -415 489 104 112 -15 234 
pH 206 5,04 8,22 6,92 6,83 6,67 7,20 
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S
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W 118 10 75 23 21 19 23 
LOI 118 0,08 9,87 0,81 0,37 0,26 0,79 
Ptot 118 5,1 21,7 8,5 8,3 7,1 9,6 
Pinorg 118 3,2 10,4 5,7 5,7 5,1 6,4 
Porg 118 0,0 11,3 2,8 2,6 2,0 3,1 
Eh 118 -344 432 62 94 -46 173 
pH 117 5,01 8,16 6,87 6,93 6,55 7,21 
D
ee
p
er
 s
lo
p
e 
o
f 
th
e 
d
re
d
g
e 
p
it
s 
(s
ta
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o
n
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S
2)
 
W 114 18 95 26 22 20 25 
LOI 114 0,10 42,95 1,58 0,52 0,27 0,85 
Ptot 111 4,0 87,0 10,3 8,4 7,1 9,6 
Pinorg 111 3,9 48,4 6,6 5,9 5,1 6,5 
Porg 112 0,0 58,8 3,7 2,6 2,0 3,2 
Eh 112 -495 385 2 10 -115 136 
pH 108 5,95 8,41 6,96 6,95 6,66 7,29 
T
h
e 
d
ee
p
es
t 
p
ar
t 
o
f 
th
e 
d
re
d
g
e 
p
it
s 
(s
ta
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o
n
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D
) 
W 92 18 98 54 50 26 81 
LOI 92 0,09 44,00 10,08 3,67 0,91 15,50 
Ptot 90 1,7 71,9 22,1 13,8 8,7 33,0 
Pinorg 90 1,3 42,9 13,3 8,9 5,7 18,1 
Porg 90 0,0 44,7 8,8 3,7 2,5 13,4 
Eh 88 -465 393 -55 -82 -192 79 
pH 86 5,23 8,07 6,85 6,88 6,45 7,26 
1 number of observation; 2 minimum; 3 maximum; 4 median; 5 lower quartile, 6 upper quartile  
Table 1. Outcome of statistical analysis of geochemical parameters in sediment (0-20 cm)(W-%- 
moisture content, LOI -% – loss on ignition, Ptot, Pinorg, Porg- µmol g-1 d.w.,- total, inorganic and 
organic phosphorus content, Eh-mV – redox condition and pH) in the study area.  
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Corg 221 0,21 51,56 2,39 1,05 0,59 1,87 
Ntot 221 0,01 5,73 0,29 0,14 0,08 0,21 
chl a 230 0,03 6,07 0,64 0,21 0,09 0,48 
pheo 230 0,03 120,82 2,75 1,11 0,60 1,95 
Corg/Ntot 215 3,3 48,0 10,9 9,3 7,2 12,9 
chl a/(chl a+ pheo) 220 1,2 90,7 23,0 17,6 9,5 30,4 
Corg /(chl a+ pheo) 222 86 6836 1059 741 362 1286 
S
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w
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Corg 110 0,38 5,46 1,54 1,20 0,84 2,09 
Ntot 110 0,05 0,61 0,21 0,18 0,11 0,27 
chl a 113 0,04 5,47 0,68 0,26 0,14 0,64 
pheo 113 0,06 15,44 2,42 1,92 1,20 2,93 
Corg/Ntot 107 3,0 37,4 9,84 8,78 6,6 12,2 
chl a/(chl a+ pheo) 113 1,3 65,7 18,5 14,4 7,9 25,6 
Corg /(chl a+ pheo) 110 72 14545 856 536 310 821 
D
ee
p
er
 s
lo
p
e 
o
f 
th
e 
d
re
d
g
e 
p
it
s 
(s
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o
n
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S
2)
 
Corg 105 0,31 105,92 6,10 1,65 0,96 3,21 
Ntot 105 0,02 12,18 0,75 0,23 0,14 0,45 
chl a 105 0,00 35,25 1,66 0,38 0,17 1,23 
pheo 105 0,11 184,79 8,37 3,00 1,83 4,50 
Corg/Ntot 101 3,0 34,7 9,7 8,5 6,9 10,6 
chl a/(chl a+ pheo) 102 0,8 47,5 16,4 14,4 6,6 22,0 
Corg /(chl a+ pheo) 96 48 6905 632 475 270 681 
T
h
e 
d
ee
p
es
t 
p
ar
t 
o
f 
th
e 
d
re
d
g
e 
p
it
s 
(s
ta
ti
o
n
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D
) 
Corg 95 0,21 168,50 35,12 19,98 2,42 51,02 
Ntot 95 0,03 22,11 4,51 1,72 0,39 6,62 
chl a 95 0,00 124,12 7,88 1,84 0,44 7,92 
pheo 95 0,11 257,13 52,39 28,31 4,16 77,85 
Corg/Ntot 95 4,5 23,1 9,8 9,2 7,7 11,1 
chl a/(chl a+ pheo) 88 0,3 43,5 12,0 11,1 7,3 14,9 
Corg /(chl a+ pheo) 98 22 8155 908 561 201 930 
1 – 6 as in Table 1 
Table 2. Outcome of statistical analysis of selected organic matter components and 
indicators of organic matter quality: organic carbon (Corg - mg g-1 d.w.), total nitrogen  
(Ntot - mg g-1 d.w.), chlorophyll a (chl a - μg g-1 d.w.), pheophytin (pheo - μg g-1 d.w.), 
Corg/Ntot, Corg /(chl a+pheo) (%), chl a/(chl a+pheo) (%)) in sediment (0-20 cm). 
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Fig. 10. Organic carbon content (Corg - mg g-1 d.w.) and the sum of photosynthetic pigments 
(chl a+pheo - μg g-1 d.w.) in sediments from the dredge pits and their outskirts in a) 
November-December 2007, b) March 2008, c) May-June 2008 and d) August 2008.  
(OP – outskirt of the pit, peninsula side, OZ – outskirt of the pit, bay side, S1 – shallow slope 
of pit, S2 - deep slope of pit, D – bottom of the pit). 
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Fig. 11. Sediment profiles of mean concentrations of chlorophyll a (chl a - μg g-1d.w.), 
pheophytin (pheo  - μg g-1d.w.), organic carbon (Corg - mg g-1d.w.) and total nitrogen  
(Ntot - mg g-1d.w.) in the dredge pits (stations: S1-pit’s shallow slopes, S2- pit’s deep slopes,  
D- bottom of the pit) and their outskirts (stations OP and OZ) in August 2008. 
This caused sulfate reduction, and in consequence hydrogen sulfide availability, as well as 
an increase of ammonia and phosphate concentration in the interstitial waters (Fig. 5). 
Elevated levels of organic matter associated with dredged sediments and deposition of fine-
grained sediment in dredge pits have been documented by researchers elsewhere 
(Johnnston 1981, Nayar et al. 2007, Palmer et al, 2008). In very deep dredge pits such as 
located in Lake Pontchartrain's, sulfate reduction was dominant process of organic matter 
degradation (Flocks&Franze 2002). Also previous studies conducted in Kuźnica II and 
Władysławowo pits indicated anoxic degradation of organic matter. They also indicated 
temporal oxygen deficits in the nearbottom waters of the Władysławowo pit (Bolałek et al. 
1996, Graca, 2009). During presented study, high concentrations of hydrogen sulfide 
temporally observed in the dredge pits (Fig. 5) so suggest oxygen deficits in the nearbottom 
waters. Oxygen was determined in samples of the water collected c. 0.5 m over bottom, so 
probably oxygen deficits closer to the sediment surface. 
Impact of deep dredging decreased seawards (Fig. 12a) and has been strongest in the 
Władysławowo pit area characterized with the weakest water dynamics. Weak water 
dynamics at the Władysławowo sampling site is indicated by a relatively high content of 
fine sediment fractions at the outskirts of the dredge pit. (Fig. 6). It also corresponds to the 
highest content of organic carbon and total nitrogen in sediments collected from the pit and 
its outskirts (Fig. 10). Moreover, high values of Corg/Ntot and Corg/(chl/a/+pheo) ratio, 
which have been observed in this area (Tab. 2), indicate the larger share of terrigenic matter 
in sediments from Władysławowo as compared to those from other sampling sites. 
Factor diminishing the impact of deep dredging in the Kuźnica II pit, could be the vicinity of 
a natural bottom depression, the Kuźnicka Hollow and the fact that the dredge pit is 
partially connected with it – which is proved by an up-to-date bathymetry (Fig. 2). 
Deep dredging impact on geochemical condition was not clearly seasonally dependent in 
Jastarnia and Kuźnica I pits. (Fig. 12b). Jastarnia pit is located in the Outer Puck Bay. 
Kuźnica I pit is situated in the areas characterized with intensive currents, through which 
www.intechopen.com
 Oceanography 
 
274 
the water exchange between Inner and Outer Puck Bay occurs. In other dredge impacted 
regions (Władysławowo, Chałupy, Kuźnica II), located in the Inner Puck Bay, differences 
were rarely significant in March. In August and November/December an increase of 
significant differences frequency has been visible in Kuźnica II region (Fig. 12b). 
 
 
Fig. 12. Number of statistically significant differences in geochemical conditions (Mann-
Whitney U test, p<0,05) between (a) particular pits and their outskirts (b) dredge pits and 
their outskirts in particular sampling seasons. 
It seems that season influence on the extent of dredging impact depended on pit location 
and associated water exchange and circulation. The Inner Puck Bay, where season influence 
was clearly visible, is a shallower, isolated part of the Puck Bay, with hindered water 
exchange, when compared to the Outer Puck Bay (Nowacki 1993). 
The complex interaction of organic matter degradation and increased water dynamics 
during storms could contribute to the decrease of differences between dredge pits and their 
outskirts in the cold half year. In consequence, the end of winter is probable a good time to 
monitor the geochemical conditions in the deep dredging impacted area, because represents 
“permanent” changes resulting from dredging. 
4.2 Deep dredging impact on nitrogen and phosphorus internal loading 
A complex interplay of high supply of organic matter to the sediment, hydrogen sulfide 
production and lost of benthic organisms diminish sediment ability to phosphorus storage 
(Gächter&Müller 2003, Gunnars at al. 2002, Karlson et al. 2007), decrease coupled 
nitrification/denitryfication (Sørensen et al., 1980, Karlson et al. 2005, 2007) and increase 
ammonia regeneration (Kelly et al. 1985; Kemp et al. 1990). As a result deep dredging 
potentially influences nitrogen and phosphorus dynamic and increases their internal 
loading in the dredge pit areas. Previous studies, conducted in the Puck Bay, indicated a 
decrease of phosphorus accumulation to its removal ratio from 9,3 in natural bottom to 2,2 
in the Kuźnica II dredge pit, and a decrease of denitrification to ammonification ratio from 
6,3 in natural bottom to 0,2 in the dredge pit area (Graca et al. 2004).  
Ammonia and phosphate are main components of nitrogen and phosphorus benthic fluxes 
in the study area, as well as in other eutroficated regions of the Baltic Sea (Conley et al. 1997; 
Graca et al. 2004, Pitkänen et al. 2001). In order to assess potential enhancement of 
eutrofication due to dredge pits impact on nutrient dynamic, their benthic fluxes have been 
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estimated in and around the dredge pits basing on Fick’s first law. Calculation’s details were 
the same, as in previous study conducted in Kuźnica II dredge pit (Graca et al. 2004). 
Nutrients loadings released from the sediments were calculated, considering the surface of 
each depth in the dredge pits (calculated by using Surfer 8) and fluxes seasonal variability. 
Both actual (Pac., Nac.) and potential (Ppot., Npot.) loads have been calculated, where potential 
load denotes the load in situation, when the conditions in the dredge pits would be identical 
to that found in their outskirts (Tab. 3). From the difference between the actual and potential 
loads, a surplus of N and P removed to water due to deep dredging has been calculated. 
This is only a rough estimation, because Fick’s first law allows only diffusive fluxes. Not 
include mineralization of organic matter on the surface of sediment and influences of water 
dynamics and benthic organisms on the benthic fluxes (Forja & Gómez-Parra, 1998; Val 
Klump & Martens, 1983; Zabel et al., 2000). Therefore fluxes at the outskirts and shallow 
pit’s slopes are probable underestimated. In deepwater part of dredge pits, effects of benthic 
organisms and turbulent diffusion are potentially limited. As the result, fluxes due to 
molecular diffusion are probably the major component of the total nutrient exchange in this 
area. However, when sediments are rich in organic matter and the nearbottom water contain 
oxygen, as in the dredge pits deepest area, fluxes of phosphate and ammonia calculated 
based on Fick’s first law could have been overestimated. The reason is phosphate 
precipitation and/or adsorption, as well as coupled nitrification/denitrification at the 
sediment surface. On the other hand, permanent presence of hydrogen sulfide in deepwater 
part of dredge pits, potentially inhibit nitrification and in turn, hamper denitrification 
(Dollhopf et al. 2005, Herbert 1999). Moreover, hydrogen sulfate availability limits the 
sediment phosphorus sorption capacity. Formations of FeS and FeS2 results in removal of 
the phosphates previously bound to iron oxyhydroxide despite oxygenated nearbottom 
water (e.g. Gähter&Müler, 2003). Though presented estimations are rough, they indicate the 
scale of the problem. Increase of internal N and P loadings has been observed in all dredge 
pits (Tab. 3). Surplus of N and P removed to water column has been the highest in the area 
of the biggest pit - Kuźnica II. However, the ratio of actual to potential loadings indicate, 
that the Władysławowo pit was the area, where internal loading has been intensified the 
most (Tab. 3). 
 
dredge pit area (m2)
load (kg y-1) loads ratio 
Pac. Ppot. ∆P1) Nac. Npot. ∆N2) Pac./Ppot. Nac./Npot. 
Władysławowo 6519 0,4 0,03 0,4 4,1 0,1 4,0 13,3 40,1 
Chałupy  205 068 5,3 0,9 4,4 54,3 4,7 49,6 5,8 11,6 
Kźnica II 873 874 23,3 7,0 16,3 262,1 56,3 205,8 3,3 4,6 
Kuźnicy I 187 389 2,7 2,0 0,7 25,5 3,8 21,7 1,3 6,7 
Jastarnia 220 315 2,2 1,6 0,6 12,7 11,1 1,6 1,4 1,1 
sum 1 493 165 33,9 11,5 22,3 358,8 76,0 282,8   
1) - ΔP=Pac. - Ppot. 2) - ΔN=Nac. - Npot. 
Table 3. Phosphorus (Pac.) and nitrogen (Nac.) loadings released from the sediments of 
particular dredge pits and loadings of those elements which would have been released (Ppot., 
Npot.), if the conditions in the dredge pits would be identical to those observed at their 
outskirts. 
www.intechopen.com
 Oceanography 
 
276 
In the contrary, Jastarnia pit was the area, where internal loading has been intensified 
insignificantly. From sediments of all the dredge pits a surplus of c. 22 kg of P and c. 238 kg 
of N was removed annually into the water column. Such values are trivial in respect to for 
example external loadings of N and P into the Puck Bay (16,1 t P a-1 and 18 t N a-1, 
Pempkowiak, 1997). This is connected to relatively small dredge pit’s area (1,49 km2). 
Therefore dredge pits create an important problem, but rather in scale of coastal areas of the 
Hel Peninsula where pits are located, than in scale of the whole Puck Bay. 
Water residence time is important factor influencing susceptibility to eutrophication in 
aquatic ecosystems (Wulff & Stigebrandt 1989, Nedwell et al. 1999, Dettman 2001, Savchuk 
& Wulff 2007). Nitrogen and phosphorus loadings released from sediments probable can 
affect the environment more in the Inner Puck Bay, because of longer water residence time 
than in the Outer Puck Bay (Nowacki 1993) and consequently, longer N and P residence 
times in this area. It is worth mentioning, that hydrodynamic studies conducted in the frame 
of current project (not published) showed that the dredge pits additionally slightly hinder 
the water exchange between Inner and Outer Puck Bay. 
5. Conclusions 
All the dredge pits in the Puck Bay create sink for organic matter and fine-grained 
sediments. As the result hydrogen sulfide production has been stimulated, especially in 
deepwater parts of pits. Important implication of hydrogen sulfide production could be 
restricted pit’s recolonization by benthos organisms. Moreover, the complex interplay of 
hydrogen sulfide availability and lost of benthic organisms could probable influence 
nitrogen and phosphorus dynamic. Rough estimations showed significant increase of 
internal N and P loadings in some of the dredge pits. Due to their relatively small area 
(1,49 km2), surplus of N and P annually released from the pit’s sediments (several 
hundred kilos of nitrogen and a dozen or so kilos of phosphorus) create problem rather in 
scale of coastal areas of the Hel Peninsula where pits are located, than in scale of the 
whole Puck Bay.  
Deep dredging impact on geochemical condition was the most pronounced and clearly 
seasonal dependent in a shallower, isolated part of the Puck Bay. In this region of the bay 
organic matter degradation in sediment and increased water dynamics during storms, 
decrease differences in geochemical conditions between dredge pits and their outskirts in 
the cold half year. 
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